G, protein is a shorter, soluble form of the viral G protein of vesicular stomatitis virus (VSV) lacking the membrane-anchoring domain. Production of G, protein appears to be a general property of VSV because infection of BHK-21 cells by five different isolates of the VSV serotype Indiana led in all cases to the synthesis of Gs protein. Moreover, it is formed in a variety of eucaryotic cell lines after VSV infection. In pulse-chase experiments, we observed a time-dependent change in the ratio of G to Gs protein released into the growth medium, suggesting that Gs is formed intracellularly rather than on the cell surface. Further experiments revealed that G. protein can be synthesized in vitro in the reticulocyte lysate system after addition of a viral mRNA fraction and in a coupled transcription-translation system with VSV core particles. In the presence of microsomal membranes both G and Gs protein were glycosylated in the reticulocyte lysate, confirming that the authentic Gs protein is synthesized in vitro. The addition of various protease inhibitors to the cell-free system and variation of the incubation conditions did not alter the ratio of G to G. formation. Taken together, these experiments suggest strongly that Gs protein is not a product of a membrane-associated proteolytic activity but is formed during or shortly after the translation process. Our attempts to detect a specific, shorter mRNA coding for the G. protein by molecular hybridization procedures did not reveal the existence of such a mRNA species.
The envelope of vesicular stomatitis virus (VSV) is a host-cell-derived lipid bilayer into which the viral glycoprotein (G protein) is inserted as an integral membrane protein (22, 31) . VSV G protein has served as an excellent model system for studying the biosynthesis, processing, and transport of integral membrane proteins (28) . The G-protein sequence, which was derived from a cDNA clone (38) , is characterized by four major domains: the N-terminal signal sequence, the main body of the protein, the transmembrane domain, and the cytoplasmic C-tetminal region (38) .
Studies of VSV-infected eucaryotic tissue culture cells have shown that the nascent viral glycoprotein is inserted into the membrane of the rough endoplasmic reticulum and the signal sequence is proteolytically removed (7, 19, 25) . Glycosylation occurs cotranslationally (23, 40) at two asparagine residues by an en bloc transfer of high-mannose oligosaccharides (40) which have been preformed on dolicholpyrophosphate molecules. It is assumed that the hydrophobic transmembrane domain stops the transfer of the growing G protein chain by anchoring it in the lipid bilayer of the endoplasmic reticulum. The C-terminal region of the G protein, which is highly charged, remains on the cytoplasmic side of the membrane of the endoplasmic reticulum (7, 39, 42) . The N-linked high-mannose oligosaccharides of the G protein are trimmed and modified in the Golgi complex (17) . G protein is transported to the plasma membrane which it normally leaves as an integral part of budding virus particles.
In several reports a soluble G, protein has been described in the supernatant of VSV-infected tissue culture cells (20, 26) . It has been proposed that this Gs protein arises by proteolytic cleavage of the viral glycoprotein at the cell surface and is then shed into the culture medium (8, 18, 27) .
Shedding of soluble viral protein has been frequently observed in other systems, e.g., in murine leukemia virusinfected cells (4) , tumor cell lines (35) , and rabies virusinfected cells (10) . We have recently shown that in BHK cells a short form of VSV G protein is formed intracellularly which lacks the membrane-anchoring oligopeptide of the viral G protein and which is secreted into the growth medium (14) . In vitro elongation experiments of membrane-bound polysomes showed that the shorter G protein was detectable in the rough endoplasmic reticulum.
In (vol/vol) calf serum or 10% (vol/vol) fetal calf serum was added, and incubation was continued for 3.5 h. MPC-11 cells were collected by centrifugation, washed in serum-free medium, and suspended at a concentration of 107 cells per ml in this medium. Cells were inoculated with 40 PFU of VSV per cell and incubated for 30 min at room temperature, after which the culture was diluted with medium containing serum to a density of 106 cells per ml. Infection was continued for 4 h at 37°C.
Metabolic labeling of VSV-infected cells and cell fractionation. At indicated times monolayers were washed once with prewarmed methionine-free medium and labeled in 2 ml of methionine-free medium supplemented with 100 ,uCi of
[35S]methionine for the times indicated in the figure legends.
Labeled cells were collected in ice-cold phosphate-buffered saline, washed twice, and homogenized in a Dounce homogenizer after swelling in a hypotonic buffer (10 mM KCl, 1.5 mM MgCl2, 10 mM Tris hydrochloride, pH 7.4) for 10 min. Nuclei were removed by centrifugation at 800 x g and 4°C for 5 min, and the membranes were subsequently sedimented at 18 ,000 x g and 4°C for 15 min. Membrane fragments adhering to the nuclei were extracted with 1% Triton X-100 in the hypotonic buffer and pooled with the membrane pellet. Incorporation of the labeled precursor into protein was followed by hot trichloroacetic acid precipitation (30) . mRNA isolation from VSV-infected MPC-11 cells. MPC-11 cells were harvested 4 h after infection and washed twice in phosphate-buffered saline. Total RNA was extracted with guanidinium thiocyanate as described previously (9, 15) . mRNA was purified by two successive cycles of affinity chromatography on oligo(dT)-cellulose (1, 3) . To prepare 3H-labeled mRNA of VSV, the infected MPC-11 cells were labeled from 2 to 4 h postinfection with 5 ,uCi of [3H]uridine per ml in the presence of actinomycin D (5 ,ug/ml), and the mRNA was isolated as described above.
Preparation of virion RNA. Virion RNA was prepared as described previously (12) . Na-K-tartrate gradient-purified virions were pelleted through 50% (vol/vol) glycerol for 2.5 h at 110,000 x g at 4°C and suspended in TEN buffer (100 mM NaCl, 10 endoglycosidase H (80 mU/ml), and both were incubated for 6 h at 37°C.
SDS-polyacrylamide gel electrophoresis (PAGE)
. Protein compositions were analyzed on 10% polyacrylamide gels, using the discontinuous buffer system of Laemmli (24) . Electrophoretic separation was carried out under reducing conditions at 15 mA (constant current) for 11 h. Gels were stained with 0.1% (wt/vol) Coomassie brillant blue dissolved in 40% (vol/vol) methanol-10% (vol/vol) acetic acid-50% (vol/vol) water. After destaining in the same solvent mixture, the gels were impregnated with 2,5-diphenyloxazole (PPO), vacuum dried, and fluorographed at -70°C with Kodak X-Omat AR X-ray film (5) .
Formation and separation of mRNA-genome duplexes of VSV. The formation of hybrids between VSV mRNA and VSV genome RNA was performed according to published procedures (12) . RNA samples were ethanol precipitated, dissolved in 1 mM EDTA (pH 7.4), and denatured after the addition of 9 volumes of dimethyl sulfoxide for 30 min at 45°C. The solution was adjusted to 63% dimethyl sulfoxide in 970 GRAEVE ET AL. analyzed on 5% polyacrylamide gels in 250 mM Tris acetate (pH 8.4)-10 mM EDTA as described previously (12) . The gels were processed for fluorography (5) and exposed to Kodak X-Omat AR films.
Nuclease Si mapping of VSV G mRNA. Exonuclease Si mapping (16) (Fig. 2, lane 2) (43) . After the addition of dog pancreas microsomes to the in vitro translation reaction containing VSV mRNAs, a shift of Go and Gso to the correct higher-molecular-weight forms G and Gs could be observed (Fig. 4, lanes 3 and 4) . Digestion of the glycosylated G proteins with endoglycosidase H showed that this shift was due to the addition of high-mannose-type oligosaccharides to the polypeptides (Fig. 4, nascent polypeptide chains, a change in the incubation temperature of the cell-free system should influence the elongation rate and thereby change the time period for which the nascent chain is sensitive to proteolytic cleavage. Prolonged incubation (up to 4.5 h) of the in vitro reaction at 30°C (Fig. 3B, lanes 1 and 2) and incubation at different temperatures (Fig. 3B, lanes 1, 3, and 4) did not change the ratio of Go to G,O. These results make it highly unlikely that Gs protein is formed by proteolysis.
Attempts to demonstrate a specific mRNA coding for G.
protein. The experiments described so far make it highly unlikely that G, protein is formed by proteolytic cleavage during the translation process or at the cell surface. Another possibility is that Gs is translated from a second class of G mRNA molecules lacking the 3' end of the coding sequence. These truncated mRNAs could be formed either by premature termination during the transcription process or by a specific nucleolytic cleavage in vivo or during the isolation of the mRNA used for in vitro translation. The following experiments were performed to test these possibilities.
VSV mRNAs can be synthesized by in vitro transcription with nucleocapsids from detergent-disrupted virions. Incubation of the nucleocapsids in the presence of the four ribonucleoside triphosphates results in the synthesis of the leader RNA and all five viral messengers (2) . To exclude that the in vitro synthesis of Gs protein was due to the presence of partially degraded G protein mRNA preparations, we performed a coupled transcription-translation experiment (6) . VSV nucleocapsids were incubated in a reticulocyte lysate in the presence of dog pancreas microsomes, and the proteins synthesized were analyzed by SDS-PAGE (Fig. 4,  lane 7) . The coupled in vitro transcription-translation reaction also resulted in the synthesis of both forms of G protein which both could be glycosylated by the addition of microsomes and then comigrated with the authentic G and G, polypeptides shown in Fig. 4 (lane 4) .
If a truncated G mRNA was formed in vivo by premature termination or nucleolytic cleavage, it should be possible to detect this mRNA species by molecular hybridization methods. Two different experimental protocols were used to test these possibilities. In a first experiment, VSV mRNA was labeled in vivo with [3Hluridine and purified as described in Materials and Methods. The labeled mRNAs were hybridized to complementary full-length virion RNA and digested with single-strand-specific RNases. This procedure resulted in the formation of discrete duplex RNAs without heterogeneous poly(A) tracks, leading to sharp RNA bands after separation by PAGE (12) . Six discrete duplex RNA species were detected which could be assigned to the five viral mRNAs and the viral plus-sense genome RNA (Fig. 5A) . From the size and quantity of G, protein we anticipated detecting an mRNA species with a 10% lower molecular weight than G mRNA amounting to 10 to 20% of the G mRNA yield. No additional mRNA species migrating between G and N mRNA was observed by this approach (Fig.  5A) . The unexpected finding of a full-size 42S RNA in a RNA fraction that was purified twofold on oligo(dT)-cellulose was also reported by other investigators (12, 32) .
In a second approach, exonuclease S1 mapping of the 3' end of the G mRNA was carried out as described in Materials and Methods. Two different RNA preparations were used, one from cells infected with the Mudd-Summers strain and the other from cells infected with the San Juan strain of VSV Indiana. After digestion with exonuclease S1 the products were analyzed on polyacrylamide gels (Fig.  SB) . With both mRNA preparations two bands were visible (Fig. SB, lanes 3 and 4) , one comigrating with the 0.54-kilobase NdeI-PstI fragment used as a probe ( 1), and the other migrating slightly faster. The former band resulted from reannealing of the probe since it was also in the reaction without added mRNA (Fig. SB, lane 2) . The latter band corresponds to a DNA-RNA hybrid expected to be produced by hybridization of the probe to a full-length mRNA coding for the intact G protein. It is shorter than the probe since the cDNA clone contains a poly(GC) tail at the 3' end. No hybrid of a size of 310 base pairs indicative for a shorter Gs-specific mRNA could be detected in this experiment.
DISCUSSION
VSV-infected cells do not release only viral particles into the culture medium but also virus-specific polypeptides as soluble antigens. Gs protein, a truncated form of the virionassociated glycoprotein, is one of the major soluble antigens of VSV found in the extracellular medium. It has been proposed that Gs protein arises from the viral G protein by proteolytic cleavage at the cell surface and is then shed into the growth medium (8, 18, 27) . Recently, we have demonstrated that Gs protein lacks an extended carboxy-terminal region of the viral G protein sequence and is formed intracellularly in VSV-infected BHK cells (14) . Here we show that formation of the truncated form of the G protein occurs in a variety of tissue culture cells (Fig. 1B) . Furthermore, we observed Gs, formation by five isolates of Indiana serotype (Fig. 1A) The difference in molecular weight between G and G.
protein is not due to the variations in glycosylation because in the presence of microsomal membranes both proteins acquired the high-mannose oligosaccharides, which can be removed by incubation with endoglycosidase H (Fig. 4) . We have shown recently by immunoprecipitation with an antibody against the carboxy terminus of the G protein that Gs protein has a deletion in the protein sequence at the Cterminal region (14) . The G proteins of different VSV isolates of the Indiana serotype have different molecular weights, whereas the other viral proteins do not show this variability (Fig. 1A) . The G, proteins formed by the various VSV isolates differ also in their molecular weight, suggesting that different numbers of amino acids are missing at the Cterminal region. The ratio of G to G. varies depending on the VSV isolate tested. The molecular basis of the observed differences among the various isolates is not clear. The distinctive radioactive bands of Gs protein in the gel patterns indicate that the protein sequence in each case terminates quite precisely. The Gs protein is treated like a secretory protein because it is immediately released upon arrival at the plasma membrane into the growth medium (Fig. 2) faster than that of G protein, which has to accumulate into patches before virus budding can take place (Fig. 2) . In contrast, truncated forms of G protein which are expressed in two stably transformed mouse cell lines are secreted very slowly into the medium (11, 36, 37) . The different secretion rates of the "naturally" and "artificially" truncated G protein might be attributed to the additional amino acids at the carboxy terminus of the artificially produced "anchorless" G proteins (37) .
Taken together, our experiments favor a mechanism of G, formation other than shedding of plasma membraneintegrated G protein by proteolytic cleavage. Four possibilities can be envisaged to explain the intracellular appearance of Gs: (i) cleavage by a protease which is associated with microsomal membranes or ribosomes and not inhibited by the protease inhibitors used; (ii) translation from a specific shorter mRNA; (iii) high frequency of frameshift mutations resulting in an early stop codon; and (iv) premature chain termination during the translation process.
Production of a Gs protein by rabies, a virus closely related to VSV, was postulated to occur by internal cleavage with a membrane-associated proteolytic enzyme (10) . This Gs protein lacks 58 amino acid residues from the carboxy terminus of the virion-associated glycoprotein (10) . The missing oligopeptide corresponds to the complete cytoplasmic domain and two-thirds of the transmembrane sequence. The remaining eight amino acids of the transmembrane segment are not sufficient to anchor the rabies G, protein in the membrane. Such a mechanism cannot be operating in the formation of the VSV Gs protein because unglycosylated Gs protein is formed in a cell-free system in the absence of membrane vesicles (Fig. 3) .
In the cell-free system, we were not able to demonstrate any proteolytic activity, neither associated with ribosomes nor free in the lysate, which might be responsible for the formation of Gs protein. We attempted to interfere with the appearance of unglycosylated Gs protein by the addition of several protease inhibitors to the cell-free system. In these experiments we did not observe an alteration in the ratio of G to Gs by changing the conditions of incubation, indicating that G, protein is not formed by one of the commonly known proteases. Although it is impossible to exclude proteolytic cleavage completely, the first possibility mentioned above is highly unlikely because this protease would cleave only nascent G protein and no other VSV protein. In addition, the cleaved C-terminal oligopeptide has not been detected in immunoprecipitates with the C-terminal-specific antibody (14) . Since prolonged incubation of the translation products does not increase G, formation in vitro, one has to assume that the shorter G protein is formed during the translation process.
If truncated G mRNA molecules exist in cells, they would give rise to Gs protein during polypeptide synthesis. From the difference in molecular weight between G and G, protein (approximately 6,000; Fig. 1) (13, 41) .
One could imagine that premature termination of growing polypeptides could be due to excessive secondary structure of mRNA molecules which would cause a block in the elongation process of translation. A computer search of the G mRNA sequence (38) reveals no extensive base-paired regions. Moreover, melting of mRNA before translation in the cell-free system also did not decrease the yield of G, protein (data not shown). Premature termination of nascent polypeptides ("early quitters") has been observed in several in vitro translation systems, although to our knowledge such a mechanism has not been described in vivo.
The 
